Obligate interspecific avian brood parasites do not build nests of their own but lay their eggs in the nests of other species. It has been proposed that a flexible song learning mechanism (copying the heterospecific songs of the foster species) facilitates the evolution of brood-parasitic behavior. Some sort of song copying is common to all songbirds; hence, to better understand the evolution of brood parasitism it is important to study the role of song learning. The proposed hypothesis does not take into account that flexible song learning might make mate acquisition more difficult because males that are preferred by broodparasitic females would be initially rare. We examine this by means of two population dynamic models. By using a recurrence equation model of brood parasites competing with their nestbuilding ancestors, we show that flexible song learning is indeed an obstacle to the evolution of brood parasitism. Results from a more realistic, individual-based model, in which the brood-parasitic trait can evolve more gradually, confirm this finding. However, we also show that the obstacle of flexible song learning can be overcome quite easily when males also are carriers of the brood-parasitic trait. This is probably because brood parasitism is a neutral trait in males, which increases the number of mutants carrying genes for brood parasitism, and thus makes the female task of finding suitable partners easier.
Obligate interspecific avian brood parasites do not build nests of their own but lay their eggs in the nests of other species. It has been proposed that a flexible song learning mechanism (copying the heterospecific songs of the foster species) facilitates the evolution of brood-parasitic behavior. Some sort of song copying is common to all songbirds; hence, to better understand the evolution of brood parasitism it is important to study the role of song learning. The proposed hypothesis does not take into account that flexible song learning might make mate acquisition more difficult because males that are preferred by broodparasitic females would be initially rare. We examine this by means of two population dynamic models. By using a recurrence equation model of brood parasites competing with their nestbuilding ancestors, we show that flexible song learning is indeed an obstacle to the evolution of brood parasitism. Results from a more realistic, individual-based model, in which the brood-parasitic trait can evolve more gradually, confirm this finding. However, we also show that the obstacle of flexible song learning can be overcome quite easily when males also are carriers of the brood-parasitic trait. This is probably because brood parasitism is a neutral trait in males, which increases the number of mutants carrying genes for brood parasitism, and thus makes the female task of finding suitable partners easier. Key words: brood parasitism, sexual imprinting, song learning, Viduidae. [Behav Ecol 14:917-923(2003)] I t has been estimated that about 1% of all bird species are interspecific brood parasites who do not build nests of their own but lay their eggs in the nests of other species (Payne, 1977) . Most of the studies on brood parasitism have focused on the costs and benefits of parasitism (Winfree, 1999; Payne, 1997) , on the arms race between host and parasite (Davies, 2000; Takasu et al., 1993) , and on the possible starting points of the evolution of brood parasitism (facultative conspecific brood parasitism, cooperative nesting, the use or takeover of nests of other species; Payne, 1977; Robert and Sorci, 2001; Slagsvold, 1998; Sorenson and Payne, 2001; Yamauchi, 1995) . An issue that received relatively little attention is the possible influence of learning processes like sexual imprinting and song learning on the evolution of brood parasitism. Sexual imprinting is the acquisition of mate preferences through learning the characteristics of parents or siblings early in life (Lorenz, 1937) . It is widespread among birds (ten Cate and Vos, 1999) and has been suggested as playing a major role in evolutionary processes such as hybridization (ten Cate and Vos, 1999) , sexual selection (Laland, 1994b; ten Cate and Bateson, 1988) , and speciation (Aoki et al., 2001; Grant and Grant, 1997; Irwin and Price, 1999; Laland, 1994a; Owens et al., 1999) .
Some researchers have suggested that because brood parasites are raised by another species, sexual imprinting will affect the future behavior of the cross-fostered young (Payne et al., 2000; Rowley and Chapman, 1986; Slagsvold, 1998) . For instance, the young might obtain a preference for visual characteristics of the foster species and, as a result, have difficulties in finding a suitable partner. For this reason, sexual imprinting could form an obstacle to the evolution of brood parasitic behavior (Slagsvold and Hansen, 2001; Sorenson, 1994) . A possible solution to the problem of finding a conspecific partner is to imprint on the song characteristics of the foster species (ten Cate and Vos, 1999) . For males, this would mean learning to produce the heterospecific songs; for females, learning to recognize and prefer these songs. Such song learning might be a solution because males cannot adopt the visual characteristics of the foster species, but they could learn to sing the heterospecific songs of the foster species and thus attract conspecific females who are imprinted on these heterospecific songs. The latter situation occurs in finches of the genus Vidua (whydahs and indigobirds), which are African songbirds that parasitize estrildid finches. At a young age, the males copy the songs of their foster father (Payne, 1973a; Payne et al., 1998) , and the females develop a mating preference for males singing a song resembling that of their foster father (Payne, 1973b; Payne et al., 2000) . Furthermore, mature females preferably lay their eggs in the nests of individuals that sing songs similar to those of their foster father (Payne et al., 2000) .
Learning heterospecific songs was suggested to have played a role in two evolutionary processes in the Viduidae : (1) it may have been the mechanism responsible for fast speciation because it enabled the colonization of new host species (Klein and Payne, 1998; Payne, 1973a; Payne and Payne, 1995; Payne et al., 1998 Payne et al., , 2000 Sorenson and Payne, 2001; ten Cate, 2000) , and (2) it may have promoted the evolution of brood-parasitic behavior according to the following hypothetical scenario (Nicolai, 1964; ten Cate and Vos, 1999) . Initially, a few females laid some eggs in the nests of another species instead of building their own nests. Assuming that the eggs were accepted and the young chicks were raised by the species owning the nest, the cross-fostered males copied the heterospecific songs, and the females developed a preference for males singing heterospecific songs. Consequently, when the males and females attained adulthood, they chose each other as mates, maybe after having been rejected by the foster species. Furthermore, cross-fostered females were biased to lay their eggs in the nests of the foster species. The result of these hypothetical events would be an interspecific brood-parasitic species that is intimately associated with its host species.
An obvious question that comes to mind when considering the latter hypothetical scenario is whether this mechanism has played a role in Viduidae. However, we are interested in the more general question of whether flexible song learning can indeed promote the evolution of specialist brood-parasitic behavior. This is important to investigate because some sort of song copying is common to all songbirds (passerines). Many songbirds have the ability to learn to produce heterospecific song, although they may still have a perceptual bias for conspecific song when given the choice between two songs, at least in tape-tutoring experiments (Marler and Sherman, 1985; Marler and Peters, 1988; Nelson, 2000; Whaling et al., 1997; Soha and Marler, 2000) . The mentioned scenario presumes that among specialist brood parasites, preference for heterospecific song facilitates mate finding. However, even though flexible song learning may facilitate mate finding when compared with sexual imprinting on visual characteristics in such species, mate acquisition may still be more difficult than in a species in which recognition of conspecifics is based on some nonlearned mechanism. This might be owing to the initial scarcity of males singing heterospecific songs, which are preferred by brood-parasitic females. Species that do not learn their song, or that have such a strong perceptual bias that they will only learn conspecific song, may have fewer difficulties in finding a mate.
In this article, we study the influence of flexible song learning on the evolution of specialist brood-parasitic behavior, by using population dynamical models. We compare model predictions for species that vary in the flexibility of song learning. The model parameter that represents song learning flexibility refers to hypothetical species in which (1) song is learned from foster parents (complete flexibility), or (2) there is a perceptual bias for conspecific song. The model for the latter situation is identical to a model for situations in which song is not learned at all (as in the nonpasserine, brood-parasitic cuckoos), or for situations in which song learning is extended until independence from the foster parents (as in brood-parasitic cowbirds). The results of a recurrence equation model and an individual-based simulation model show that flexible song learning forms an obstacle to the evolution of brood-parasitic behavior, because brood-parasitic females would find partners less easily. However, the obstacle can be overcome quite easily when males also are carriers of the brood-parasitic trait.
MODELS Recurrence equation model
The model considers a population of a bird species that consists of a mixture of birds that build nests of their own (nestbuilders) and birds that are brood-parasitic. A population of a second species consists of hosts of the brood parasites. The host species is not modelled explicitly: It is assumed that there are always nests available for parasitization. The aim of the model is to investigate under what conditions the brood parasites can maintain themselves in the population, while competing with the nestbuilders. We assume nonoverlapping generations, although this assumption does not influence the results qualitatively (data not shown).
Brood-parasitic (or nestbuilding) behavior of the young is inherited from the mother. It is assumed that there exist no individuals that only occasionally behave as a brood parasite. In the individual-based model (see below), we will relax both assumptions.
Each bird is characterized by a particular song, which can be either conspecific or heterospecific. Males express their song by singing; females, by having a mating preference for males singing their song. Females always mate with encountered males that sing the preferred song, and they mate with chance m with encountered males that sing the nonpreferred song (0 m 1). Hence, the relative preference of females for males singing their favorite song is 1/m.
Newborns either learn the song of the father who raises them, with chance s, or learn the conspecific song, with chance 1 ÿ s. For a species in which song learning is maximally flexible (heterospecific song is always learned when raised by a foster parent), s ¼ 1, whereas s , 1 represents a species in which a perceptual bias to learn conspecific song is present. An increase in s can be interpreted as more flexible song learning or, in other words, as a weaker perceptual bias for conspecific song. Note that at s ¼ 0 (when the effect of the perceptual bias is strongest), the model corresponds to situations in which song acquisition is based on some nonlearned mechanism (as in cuckoos), or to situations in which song learning is extended until independence from the foster parents (as in cowbirds). We assume that the two processes of song production learning in males and song preference learning in females are similar (see, Riebel et al., 2002) .
For mathematical convenience, we only follow the dynamics of the females and assume that those of males are equal. This means we assume that there is no differential survival between males and females and no differential production of males and females (sex ratio = 1 : 1). N c , N h , B c , and B h denote, respectively, the number of nestbuilding females with conspecific song, the number of nestbuilding females with heterospecific song, the number of brood-parasitic females with conspecific song, and the number of brood-parasitic females with heterospecific song. The numbers of males of these four types are the same as the numbers of females of these types. We denote frequencies of females (males) of the four types by corresponding lowercase letters. Furthermore, E b denotes the number of surviving female (male) young of a brood-parasitic female; E n , that of a nestbuilding female.
As an example, we will derive the equation for the frequency of nestbuilders with heterospecific song in the next generation, n9 h . Individuals of this type can be produced by female nestbuilders with either conspecific or heterospecific song, as long as they mate with males singing heterospecific song. We assume that the encounter chance with males of a specific type equals the frequency of such males. The expected number of matings between nest-building females with conspecific song and males with heterospecific song is mN c (n h þ b h ). The expected number of matings between nest-building females with heterospecific song and males with heterospecific song is N h (n h þ b h ). Each mating produces E n surviving females that have learned heterospecific song with chance s, so
We divide by the total number of females in the next generation, N 9 c þ N 9 h þ B9 c þ B9 h , to derive an equation for the change in frequency:
We define
Furthermore, we know
Using Equations 3-5, Equation 2 can be rewritten to
In a similar way we can derive
By substitution of N 9 c , N 9 h , B9 c , B9 h , and subsequent simplification, Equation 3 can be rewritten to
Individual-based model
The individual-based computer simulation model is based on similar assumptions. We assume a fixed population size of N females and N males. As before, individuals have either conspecific or heterospecific song. However, the assumption that individuals are either brood parasites or not is relaxed: individual birds are assigned a tendency p to lay their eggs parasitically. The population is initialized with birds singing conspecific song and p ¼ 0. Every generation, all individuals die and are replaced by newborns. The numbers of newborns of every type are determined in a similar way as in the recurrence equation model. The difference is that in that model parameters represent average population values and in the simulation model they correspond to probabilities that certain events (e.g., laying parasitically) occur. To create new young, a random pair is chosen. If they mate (which again depends on their songs and on the mating probability m), the female will produce with probability p on average E b young, or else on average E n young. This procedure is repeated until all N male and N female positions are filled up. The parasitization tendency of newborns either is inherited from the mother or is the average of both parents' p (depending on the case considered). In the latter case, the trait is obviously not expressed in males. The parasitization tendency of newborns mutates with probability l, and the mutation step is drawn randomly from a normal distribution with average 0 and standard deviation r. The resulting p becomes at most 1.0, and is at least 0.0. We study the evolution of p over many generations.
RESULTS

Recurrence equation model
We analyzed the recurrence equation model using several approaches: We studied several equilibria and their stability analytically, used the software package Content (Kuznetsov and Levitin, 1997) to perform a bifurcation analysis, and confirmed our results by numerical analysis. Because we are only interested in the long-term dynamical behavior, we focus on the stable equilibria. We found that the model yielded four possible outcomes regarding the stable population constitution at equilibrium: (1) all individuals are nestbuilders singing conspecific song (the Nest(con) equilibrium). Nestbuilders singing heterospecific song and brood parasites do not occur in this case. (2) Brood-parasitic birds singing conspecific song occur with frequency 1 ÿ s and brood parasites singing heterospecific song occur with frequency s (the Par equilibrium). Nestbuilders are not present here. This equilibrium needs to be attained for brood parasitism to evolve and is thus important for the study of the hypothesis. (3) All individuals are nestbuilders singing either of the two possible songs (the Nest equilibrium). Brood parasites do not occur in this equilibrium. (4) Birds of all types exist in the population (the All equilibrium).
Results are shown in Figure 1 . Note that this is not the complete bifurcation diagram, because bifurcations involving unstable or negative equilibria are not included. There is some positive value for the payoff of brood parasitism (E b /E n ) for which an equilibrium with brood parasites becomes stable; hence, the payoff represents a measure of the difficulty with which brood parasitism evolves. We show results for different values of m, the likelihood of mating between birds singing different songs. The parameter space is divided into areas in which different equilibria are stable (Figure 1 ).
There are two regions in which one stable equilibrium is present. The other regions are bistable, which means that two equilibria are stable. Which of these will be attained depends on the initial population composition. If there is no mating preference (m ¼ 1), either the Nest(con) equilibrium or the Par equilibrium is stable (Figure 1a) . If females prefer to mate with males singing certain songs (m , 1), in addition, the Nest(con) equilibrium can be stable with either one of the three other mentioned equilibria (Figure 1b-d) . Both the Nest(con) and the Par equilibrium are stable in the shaded areas of Figure 1 . For high values of s and low values of E b /E n , the bistability is formed by the equilibria Nest(con) and Nest. In addition, there is a small region at intermediate values of s and E b /E n where the Nest(con) and the All equilibrium are both stable.
In areas with only one stable equilibrium, the dynamical behavior is clear: the population will evolve toward this equilibrium. In bistable regions, however, the final population composition depends on the initial conditions. Because we are studying the origin of brood parasitism, we consider what happens if the initial population consists of mostly nestbuilding birds with conspecific song and a few mutant brood parasites with heterospecific song. Although the fraction of initial mutants will be small, it is possible that the mutants accidentally increase in numbers despite having a fitness disadvantage and, consequently, reach the attracting region of another equilibrium. For very small percentages of initial mutants, the equilibrium with brood parasites can only be attained when parameter conditions are near the upper limit of the shaded areas in Figure 1 . As an indication for how this changes for higher percentages of initial mutants, we show what equilibrium is attained when we start with 10% and with 50% brood parasites (see Figure 1b-d) . This is only for later reference, when we compare these results with those of the individual-based model, and not because we assume them to be realistic percentages.
The main results of the recurrence equation model are (Figure 1): 1. When the effect of the perceptual bias to learn conspecific song is strongest or when song learning is absent, namely, individuals sing or prefer conspecific song independent of experience (s ¼ 0), the evolution of brood parasitism is possible only if brood parasites have more surviving offspring than do nestbuilding birds (E b . E n ). This result does not depend on the mating preference 1/m. 2. When song learning is more flexible (s . 0) but there is no mating preference based on song (m ¼ 1), the condition for the evolution of brood parasitism remains E b . E n (Figure 1a ). 3. If there is a mating preference based on song (m , 1), then the results depend on the initial conditions as follows: (a) When the initial fraction of brood parasites is small, both more flexible song learning and stronger mating preferences result in more stringent conditions for the evolution of brood parasitism ( Figure  1b 
Individual-based model
Next we study whether results are the same in the individualbased model, which is more realistic because brood parasitism can evolve more gradually in a mutation and selection process. We start simulations with all individuals being ''pure'' nestbuilders (p ¼ 0) singing conspecific song. During evolution, mutants having different parasitization tendencies can occur, and they will accidentally increase or decrease in numbers. For this reason, the attracting region of the Par equilibrium might be reached. We calculate the average p that evolves after many generations for different parameter values (Figure 2 ). The parasitization tendency is inherited either from the mother (Figure 2a-d Nest(con) is the equilibrium with only nestbuilders singing conspecific song, Nest is the equilibrium with nestbuilders singing either of the two songs, Par is the equilibrium with brood parasites singing either of the two songs, and All is the equilibrium with all possible types of birds. The dotted and dashed lines divide the Nest-(con) and Par bistable area (shaded) into two regions in which the initial fraction of brood parasites of, respectively, 0.1 and 0.5 will either become extinct or drive the nestbuilders to extinction. Above these lines, the brood parasites will take over the entire population, whereas below the lines they will become extinct.
2. If there is a mating preference based on song (m , 1), then the results depend on the inheritance mode of p as follows: (a) When p is inherited from the mother, the evolution of brood-parasitic behavior is more difficult when song learning is more flexible and when the songbased mating preference is stronger (Figure 2a-d 
DISCUSSION
We investigated how the learning of the foster species' song influences the evolution of specialist interspecific brood parasitism. Results depend on the fraction of initial brood parasites. For a small fraction of initial brood parasites, the flexibility of song learning forms an obstacle to the evolution of brood parasitism. If the initial fraction of brood parasites is large, however, the evolution of brood parasitism is most difficult for intermediate song learning flexibility. In evolutionary processes, there will normally be only a few mutants. However, we showed that a similar effect occurs if males carry (but do not express) the trait to lay eggs parasitically, which is probably owing to selection on the males. Because p is not expressed in males, there is no direct selection on this characteristic: a mutant male will, on average, have the same fitness as a resident male. Only when the parasitization tendency of a mutant male is passed on to his daughters, does selection occur. As a consequence, mutants can substantially increase in numbers, and the attracting region of another equilibrium will be more easily reached. In the same way, the neutrality of p in males can explain why the average parasitization tendency that evolves is not exactly zero or one (Figure 2e-h) .
Several investigators have suggested the opposite of our findings, namely, that flexible song learning promotes the evolution of specialist brood-parasitic behavior (Nicolai, 1964; ten Cate and Vos, 1999) . However, they did not take into account that brood parasites are initially in the minority and that this decreases the chance to meet a preferred partner if song learning is more flexible. Our results confirm that this is an obstacle, and the disadvantage for brood parasites is larger if the song-based mating preference is stronger. This result relies on the assumption that female choosiness entails a cost that depends on the frequency of the preferred males. Female choosiness is often assumed to be costly, although the cost is not always assumed to depend on male frequencies (Gavrilets and Boake, 1998; Hall et al., 2000; Higashi et al., 1999; Janetos, 1980; Pomiankowski, 1987; Takimoto et al., 2000) . In Figure 2 The average parasitization tendency (model parameter p) that evolves in the individual based model. What value of p is attained after many generations depends on the model parameters s (the flexibility of song learning), E b /E n (the number of offspring of brood parasites divided by that of nestbuilders), and m (the strength of the song-based mating preference). (a-d), p is inherited from the mother, and simulations are run for 100,000 generations. (e-h), p is inherited from both parents, and simulations are run for 500,000 generations. The average p is calculated over the last 1000 generations of one run, and over 10 different runs per parameter combination. Average parasitization tendencies are shown on a gray scale; darker squares mean lower average parasitization tendencies. The bifurcation lines that surround the region with the stable equilibria Nest(con) and Par (see also Figure 1 ) are shown in white. Further parameters for the simulations are the population size (N ¼ 100), the mutation frequency (l ¼ 10 ÿ3 ), the standard deviation of the normal distribution that determines the mutation step (r ¼ 0.1), and the number of offspring of nestbuilders (E n ¼ 1). the case we study, this seems a reasonable assumption, because the conspecific and heterospecific songs are very different, which is likely to result in a high reluctance of females to mate with males singing nonpreferred songs. The exact form of the preference function we used assumes that choosiness is extremely costly to females. We also studied a variant of the presented models in which the cost of being choosy was absent (data not shown). As expected, in that case the flexibility of song learning had no effect on the evolution of brood-parasitic behavior, independent of the mating preference (results are always as in Figure 1a ). Both these extreme cases are not very realistic. The cost of being choosy will depend on male frequencies, but the effect of male frequencies could be less than assumed here. This would, for example, be the case when females have a long search time for mates, or if adult birds tend to stay close to their native territory. On the other hand, females may also mistakenly approach heterospecific males, which reduces the encounter frequency with conspecific males. Although we ignored these effects in this article, other mate preference functions will not change our results qualitatively as long as they incorporate that female choosiness is costly and that the cost depends on male frequencies.
Vidua finches are brood parasites with a flexible song learning mechanism (they copy the heterospecific songs of the foster species). Recent molecular phylogenies (Sorenson and Payne, 2001, 2002) show that the flexible song learning of the Vidua finches may have evolved only after their broodparasitic behavior had been established (Payne RB, personal communication) . The closest relative of the Vidua finches is the cuckoo finch (genus Anomalospiza). This species is a generalist brood parasite, and it does not mimic the songs of its foster species (Davies, 2000) . Furthermore, the species Vidua macroura and Vidua hypocherina, which are the basal clades in the phylogeny of the Vidua finches, are broodparasitic but do not mimic the songs of their foster species (Klein and Payne, 1998; Nicolai, 1964) .
By using our models, we compared the two possible scenarios: either flexible song learning was present from the onset of the brood-parasitic behavior (s ¼ 1), or it evolved at a later time (s ¼ 0). We show that if flexible song learning had been present from the onset of the brood-parasitic behavior, it would have been an obstacle for brood parasitism evolving. This fits the observation that among interspecific brood parasites, copying of the foster species' song occurs only in the Viduidae (Davies, 2000) . In addition, according to our model results, it is most likely that the flexibility of song learning in the Vidua finches has evolved at a later stage than the broodparasitic behavior.
If flexible song learning in the Vidua finches evolved only after brood parasitism had already been established, an open problem is why the song learning mechanism subsequently became more flexible. A possible explanation involves the evolution of defensive behaviors against brood parasitism by the foster species. This could be achieved by distinguishing between own and parasitic young on the basis of mouth patterns, which is known to occur in the contemporary estrildids ). This in turn would have created a selection pressure for the brood parasites to specialize on particular host species by evolving mouth mimicry of the young. To succeed in this, mutant males and females that are better mimics of the host mouth patterns should mate with each other. A more flexible song learning mechanism may have helped in this process because it potentially generates assortative mating. Hence, flexible song learning may have evolved in parallel with mouth mimicry of the young (Payne RB, personal communication) . Once the flexible song learning mechanism was in place, it may have been the driving force for colonisation of new host species followed by speciation (Klein and Payne, 1998; Payne, 1973a; Payne and Payne, 1995; Payne et al., 1998 Payne et al., , 2000 Sorenson and Payne, 2001; ten Cate, 2000) . The present model is not suitable for investigating these hypotheses. However, the problem that initially only few mates are available plays a role in the colonisation process as well.
In our model, the parameter s represents the strength of the perceptual bias for conspecific song. When the effect of this bias is maximally strong (at s ¼ 0), an alternative interpretation of the model is that mate finding is based on some kind of nonlearned species recognition mechanism. This may occur in cuckoos, in which species recognition is probably based on nonlearned calls or visual characteristics. Cowbirds also belong to this category: they extend song learning until independence from the foster parents. For this reason, they probably need a nonlearned cue to find conspecifics (Hauber et al., 2001) . Also, in the Vidua finches, a nonlearned cue is likely to be present, although it is not clear what this may be.
Hence, it appears that in all the major bird families in which interspecific brood parasitism occurs, the evolutionary obstacle of potential misimprinting on the foster species has been circumvented by having a nonlearned species recognition mechanism. This suggests that if such a mechanism was unavailable, brood parasitism could not have evolved. Experiments by Slagsvold and Hansen (2001) and Slagsvold et al. (2002) , who simulated parasitism in tits, support this idea. Such cross-fostering studies in the wild are necessary to evaluate the role of sexual imprinting and flexible song learning on the evolution of brood parasitism.
